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[57] ABSTRACT

A control unit for a multi-degree-of-freedom manipula-
tor comprising a torque sensor for detecting the force
exerting on each joint shaft and operational means for
adding first and second correction values to the input
signals to the motor actuator in accordance with the
torque signal produced from the torque sensor. With
this construction, non-linear and interference forces as
well as effects due to the low rigidity of the joints can be
removed without identifications of the link or arm pa-
rameters, and a striking improvement of the control
performance can be achieved.

9 Claims, 2 Drawiug, Sheets
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CONTROL UNIT FOR A MULTI-DEGREE-OF
FREEDOM MANIPULATOR

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a control unit for a
multi-degree-of-freedom manipulator, more particu-
larly to a control unit having high performance taking

into consideration of dynamic characteristics of a ma--

nipulator without increasing the number of calculations
needed for control.

2. Description of the prior Art

In order to increase the control performance of a
multi-degree-of-freedom device, In general, it is impor-
tant to take into consideration of the dynamic charac-
teristics such as inertial force and, gravity force of each
link or arm. One example of the control unit for a multi-
degree-of-freedom manipulator is shown in FIG. 1.

In FIG. 1, a controller 7 carries out a modeling of the
manipulator as a rigid muiti-link mechanism, caiculates
- through a non-linear compensation element §, non-lin-
ear forces such as inertial force, gravity force in accor-
dance with parameters such as each angle and angular
velocity of each joint 3-1, 3-2, . . ., 3-n and interference
forces such as interference from other links, contacting
force with installation, external forces exerting on links,
e.g., disturbance depending on the gripped materials
and compensates for the non-linear forces for each joint
in accordance with the result of the calculations.

In the controllers according to the prior art, how-
ever, parameters such as link inertia and, the center of
gravity within a rigid model of the manipulator 1 have
to be known. As a result, it is difficult to accurately
identify or determine these parameters, so that when
they deviate from true values, it is no longer possible to

increase the control performance. Furthermore, even if

these parameters are accurately identified, the non-lin-
ear compensation element 5 in the controller 7 has to
perform a great number of on-line calculations. As a
result, the control performance is reversely decreased
as shortening of the control intervals becomes difficult.

Moreover, the manipulator 1 is not necessarily rigid,
one, in practice, but rather is a low rigid one about each
joint, due to the spring characteristics of torque trans-
mission mechanisms such as reduction gears. Accord-
ingly, unless taking into consideration of these points,
errors occur in the link vibrations and link angles,

thereby decreasing the control performance.
In the convcnuonal controllers as described above, it

results in parameter errors and the increase of control
time period or intervals when the non-linear and inter-
ference forces of the manipulator are compensated for,
as well as decreasing the control performance by link
vibrations and link angle errors due to the low rigidity

of joints.
SUMMARY OF THE INVENTION

It is therefore an object or the present invention to
overcome the above drawbacks and to provide an im-
proved control unit for a multl-degree -of-freedom ma-
mpulator |

It is a further object of the present invention to pro-
vide a control unit for a multi-degree-of-freedom ma-
nipulator wherein non-linear and interference forces, as
well as effects due to the low rigidity of the joints, can
be removed without identification of the link parame-
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2

ters, and a striking improvement of the control perfor-
mance can be achieved.

It is yet a further object of the present invention to
provide a control unit for a multi-degree-of-freedom
manipulator wherein there is provided each torque
sensor for detecting forces exerting on each of the joint
shafts and operational means for adding correction val-
ues to the input signals to the manipulator in accordance
with the output signal produced from each of the torque

Sensors.

It is another object of the present invention to pro-
vide a control unit for a multi-degree-of-freedom ma-
nipulator wherein link vibrations and link angle errors
due to flexure can be prevented by the compensation for
the non-linear and interference forces exerting on each
joint by addition of correction values to the input sig-
nals and by a feedback signal of the twist angle of each
joint, thereby enabling desired actions of joints to be
controlled at a high accuracy.

One feature of the present invention resides 1n a con-
trol unit for a multi-degree-of-freedom manipulator,
which comprises a non-linear and interference force
compensation control system having a torque sensor for
detecting the torque exerting on each of the joint shafts
and a first operator and a flexure and vibration compen-
sation control system having a second operator, a first
correction value being produced through the first oper-
ator which multiplies the torque signal produced from
the torque sensor by the reciprocal of the reduction
gear ratio, a second correction value being produced
through the second operator which multiplies the
torque signal produced from the torque sensor by the
reciprocal of the spring constant.

Another feature of the present invention resides in a
control unit for a multi-degree-of-freedom manipulator
having a motor actuator, which comprises a torque
sensor for detecting the force exerting on each of the
joint shafts and operational means for adding first and
second correction values to the input signals to the
motor actuator in accordance with the torque signal
produced from the torque sensor.

These and other objects, features and advantages will
be apparent from the following detailed description of
the embodiment with reference t the accompanying

drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a controller for a multi-degree-of-free-
dom manipulator according to the prior art,

FIG. 2 shows one joint portion of the multi-degree-
of-freedom manipulator associated with the control unit
according to the present invention, and

FIG. 3 shows one embodiment of the control unit for
the multi-degree-of-freedom manipulator, according to

the present invention.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

FIG. 2 shows an embodiment of one joint of the
multi-degree-of-freedom manipulator according to the
present invention.

The joint comprises a motor 11 as an actuator, reduc-
tion gear means 13, an angle sensor 15, and a torque
sensor 17, which are coupled through each manipulator
link 19 to the subsequent stages, equal to the number of
the degree-of-freedoms of the manipulator. Reference
numeral 21 indicates a joint shaft. The other joints are
all constructed in a similar manner, as shown in FIG. 2.
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The angle sensor 15 detects the rotational angle 6m of
the motor 11 while the reduction gear means 13 reduces
the rotational speed of the motor 11 as well as generat-
ing a torque sufficient to drive the link 19. The torque
sensor 17 detects the force exerting on the joint shaft 21,
a torque 7 relating to the output shaft of, for instance,
the reduction gear means 13, so as to seek a sum of the
non-linear force fe such as an inertial force, a gravita-
tion force due to the link 19 and interference force fd
such as interference from other links, contact with other
installations, external forces exerting on the links such
as disturbances due to gripped materials, as indicated in
equation (1) below;

r=fe+fd (1)

Simmce the reduction gear means 13 is not a perfectly
rigid material due to the existence of spring characteris-
tics of gears in the means 13 in this case, the following
twist will be produced;

e=(0m/N)—0e (2)

10

15

20

suppossing that N (Z1)indicates the reduction gear ratio

when the rotational angle of the input shaft is 6m and
the rotational angle of the output shaft is 6e. Accord-
ingly, the following relationship is established when the
spring constant of the reduction gear means 13 is KG;

r=KG-e (3)
In this case, if the torque sensor 17 is made of a low
rigidity material, the spring constant KG becomes the
sum of the both.

FIG. 3 shows a block diagram of a control unit for
each joint, according to the present invention. The
control unit comprises a motor link system 30, 2 motor
rotational angle position control system 40, a non-linear
and interference force compensation control system 50
and a joint shaft flexure vibration compensation control
system 60.

‘The equations (1), (2) and (3) are satisfied in the
motor link system 30 and when the link 31, which corre-
sponds to that of the link 19 in FIG. 2, is driven by the
torque 7 indicated above, the force of (—7/N) is fed
back to the motor 32 which corresponds to the motor 11
in F1G. 2 due to the action and reaction principle. Ac-
cordingly, the torque 7 is detected by the torque sensor
51 in the non-linear and interference force compensa-
tion control system 50 and it is multiplied by the factor
of 1/N in operational means 53, so as to supply the
result of the calculation to an adder 71. Namely, in this
case, it 1s constructed in such a manner that a correction
value v/N 1n accordance with a force signal, i,e., the
torque signal 7 produced from the torque sensor 41 is
added to the mput signal to a motor 32 as an actuator, so
that the correction value is equal to the torque 7 divided
by the reduction gear ratio N. As a result, it 1s possible
to cancel the reaction of the equation (1), 1.e., 7 (the sum
torque)=fe (non-linear force) and fd (interference
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force), thereby completely realizing the linearization of 60

each shaft of the manipulator and preventing the inter-
ference thereto.

Now, in the joint shaft flexure vibration compensa-
tion control system 60, the twist angle e is sought in an
operator 61 by a multiplication of the torque 7 detected
by the torque sensor 351 by the reciprocal of the spring
constant KG of the joint, i.e., 1/KG which has prelimi-
narily been sought. How to detect the spring constant

65
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KG is as follows: The motor 32 associated with the
shaft4o be detected is secured by a brake so as not allow
the input shaft of the reduction gear means to be ro-
tated. With this condition, a predetermined force f is
applied to the extreme end of the link in question which
is located at the distance 1 from the joint shaft 21 and the
displacement of the link end 1s measured. Then, the
shaft torque 7 at that time is read from the torque sensor
5. The spring constant KG can be calculated by the

following equation;

KG=71/(d/]), that is, T=/,I (4)
In this case, since the force f and the distance 1 are
known, a calibration of the torque sensor 31 can be also
carried out at the same time by measuring the torque 7.
This operation may be performed for each joint shaft. In
this case, however, it is normal that the spring constant
KG is not generally a constant value but it has some
non-linear characteristics. For this reason, it may be
convenient to make a look-up table of the values rvs
KG for each joint shaft, so as to calculate the spring
constant KG corresponding to the actual torque value 7
in the operator 61. Accordingly, when the signal corre-
sponding to the twist angle e is applied to an operational
means such as a PID operator, its output signal is fed-
back to an adder 71, and it is applied to the motor 32
which corresponds to the motor 11 in FIG. 2, the vibra-
tions of the link 31 which corresponds to the link 19 due
to the twist of the joint shaft 21 can be suppressed. That
is the reason why the correction value in this case be-
comes the twist angle e of the joint shaft 21 which is
equal to the torque 7 divided by the spring constant KG
of the articulation shaft 21. In order to prevent the
errors of the link angle 8e due to the flexure of the joint
shaft 21, the twist angle e is firstly added to a target link
angle value of fet in an adder 63 and then it is muitiplied
by N times in-an operator 65 so as to determine a new
motor angle target value Omr as follows;

Omr=(0er+e)N=(0er+7/KG)N (5

On the other hand, the following calculation is car-
ried out in the motor rotational angle position control
system 40: The rotational angle (—6€m) of the motor 32
which corresponds to the motor 11 in FIG. 2 and which
1s detected by an angle sensor 43 (which corresponds to
the angle sensor 15 in FIG. 2) is added to the predeter-
mined motor angle émr in an adder 41 (which may also
be a subtracter 41) and the result of the calculation is
applied to the input of operator such as a PID operator
F1. The output signal from the operator F1 is then
applied to an adder 71, so that the current link angle fe
can follow up to the link angle target value fer without
deviation. Here again, the correction value is based on
the twist angle e of the joint shaft 21 which is equal to
the force signal (the torque 7) divided by the spring
constant KG of the joint shaft 21.

The present invention is not limited to the foregoing
embodiment and various modifications may be made.
For instance, instead of the torque sensor 17 provided at
each joint shaft for detecting a force exerting on each
joint shaft, a six-shaft force sensor similar to those dis-
closed in the Japanese Patent Application 61-172249
may be provided at the mounted portion of the manipu-
lator hand so as to perform the non-linear calculations
by using a signal from the angle sensor provided at each
joint shaft while distributing the forces exerting on hand
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ends or fingers into each joint shaft torque so as to exert
it on the joint shaft, respectively.

According to the present invention, the non-linear
and interference forces exerting on the manipulator, as
well as positioning errors due to flexure and vibrations
generated by the low rigidity of joints can be prevented
without necessitating the troublesome identifications of
link parameters.

In addition, controls and calculations become rather
simple and control intervals or periods can also be
shortened by the control unit for a multi-degree-of-free-
dom manipulator according to the present invention,
thus strikingly improving the control performance of
the multi-degree-of-freedom manipulator.

While the invention has been described in its pre-
ferred embodiment, it is to be understood that the words
which have been used are words of description rather
than limitation and that various changes and modifica-
tions may be made within the purview of the appended
claims without dcparting from the true scope and spirit
of .the invention in its broader aspects |
- What is claimed is:

1. A control unit for a multi-degree-of-freedom ma-
nipulator and having a motor link system including a
motor for producing an output torque at each joint shaft
actuator and a motor rotational angle position control
system, which further comprises:

a non-linear and interference force compensation

control system having a torque sensor for detecting
a torque (7) exerting on each joint shaft and a first
operator;

a flexure and vibration compensation control system
having a second operator,

a first correction value being produced through said
first operator which multiplies a torque signal (1)
produced from the torque sensor by a reciprocal of
a reduction gear ratio (1/N),

a second correction value being produced through
said second operator which multiplies the torque
signal (7) produced from the torque sensor by a
reciprocal of a spring constant (1/KG) of each
joint; and

operational means for adding the first and second
correction values to input signals to the motor

actuator.
2. The control unit for a multi-degree-of-freedom

manipulator as claimed in claim 1 wherein satd flexure
and vibration compensation control system further
comprises a third operator (F2) for producing an opera-
tional signal in dccordance with the second correction
value, an adder for adding a target value of a link angle
(fer) and the second correction value as an actual twist
angle (e), and a fourth operator for producing a target
value of the motor angle (#mr) multiplied by the reduc-
tion gear ratio of N.

3. The control unit for multi-degree-of-freedom ma-
nipulator as claimed in claim 2 wherein said third opera-
tor F2 is a PID functional operator.

4. The control unit for a multi-degree-of-freedom

manipulator as claimed in claim 1 wherein said motor
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rotational angle position control system comprises an
angle sensor for detecting an actual rotational angle
(6m) of the motor actuator and a second adder for add-
ing a target value of the motor angle and an actual
motor rotational angle signal from the angle sensor.

5. The control unit for a multi-degree-of-freedom
manipulator as claimed in claim 4 wherein said opera- -
tional means comprises a third adder for adding an
output signal from the second adder and said first and

second correction values.

6. The control unit for a multi-degree-of-freedom
manipulator as claimed in claim 5 wherein said motor
link system further comprises a fourth adder for adding
an output signal from the third adder and a feedback
signal of (—71/N). |

7. A control unit for a multi-degree-of-freedom ma-
nipulator, comprising:

a motor;

a reduction gear; and

a link; said control unit comprising:

a torque sensor for detecting any torque exerted upon
the input of said link;

a means connected to said torque sensor for muitiply-
ing any torque detected. by said torque sensor by
the reciprocal number of the reduction ratio of said
reduction gear; and |

a means connected to said multiplying means for
increasing the input signal to said motor by the
torque multiplied by the reciprocal number of the
reduction ratio.

8. A control unit for a multi-degree-of-freedom ma-
nipuiator having a motor actuator by which an output
torque is produced through each joint shaft, which
comprises: -

torque sensing means for detecting the force exerted
on each joint shaft; and

- operational means for adding first and second correc-
tion values to input signals to the motor actuator in
accordance with a torque signal produced from
said torque sensing means.

wherein the first correction value to be applied to one
input of the operational means is equal to the
torque signal divided by the reduction gear'ratio of
the motor actuator side.

9. A control unit for a multi-degree-of-freedom ma-
nipulator having a motor actuator by which an output
torque is produced through each joint shaft, which
COMPTrISes: |

torque sensing means for detecting the force exerted

on each joint shaft; and

operation means for adding first and second correc-

tion values to input signals to the motor actuator in
accordance with a torque signal produced from
said torque sensing means; wherein

the second correction value to be applied to an input

of the operational means is equal to the torque
signal divided by a reduction gear ratio of the

motor actuator side.
¥ ¥ x i *x
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